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Department of Chemical and Biomolecular Engineering, National University of Singapore, SingaporeABSTRACT Mitochondrial regulation of apoptosis depends on the programmed release of proapoptotic proteins such as cyto-
chrome c (Cyt c) through the outer mitochondrial membrane (OMM). Although a few key processes involved in this release have
been identified, including the liberation of inner membrane-bound Cyt c and formation of diffusible pores on the OMM, other
details like the transport of Cyt c within complex mitochondrial compartments, e.g., the cristae and crista junctions, are not
yet fully understood (to our knowledge). In particular, a remodeling of the inner mitochondrial membrane accompanying
apoptosis seen in a few studies, in which crista junctions widen, has been hypothesized to be a necessary step in the Cyt c
release. Using a three-dimensional spatial modeling of mitochondrial crista and the crista junction, model simulations and anal-
ysis illustrated how the interplay among solubilization of Cyt c, fast diffusion of Cyt c, and OMM permeabilization gives rise to the
observed experimental release profile. Importantly, the widening of the crista junction was found to have a negligible effect on the
transport of free Cyt c from cristae. Finally, model simulations showed that increasing the fraction of free/loosely-bound Cyt c can
sensitize the cell to apoptotic stimuli in a threshold manner, which may explain increased sensitivity to cell death associated with
aging.INTRODUCTIONMitochondria are double-membrane cellular organelles
responsible for aerobic metabolism in eukaryotes through
a process called oxidative phosphorylation. Cytochrome c
(Cyt c) constitutes an important component in this process
by shuttling electrons from Complex III to Complex IV,
two of the three proton pumps in the electron transport
chain. Apart from this, mitochondria and Cyt c also play
a central role in cell death regulation by way of apoptosis.
Activation of apoptotic signaling pathway can be triggered
by a variety of death stimuli (e.g., chemical, drug, and irra-
diation), and in some cells, this results in permeabilization
of outer mitochondrial membrane (OMM) and the subse-
quent release of Cyt c and other pro-apoptotic proteins
(e.g., apoptosis-inducing factor, endonuclease G, Omi
(Htra2), and Smac/Diablo) into the cytosol (1). Cytosolic
Cyt c then contributes to the formation of a complex body
called apoptosome, which consists of Cyt c and Apaf1.
Once formed, this complex can recruit and activate cas-
pase-9 by cleaving the inactive procaspase-9, which will
further cleave and activate effector caspases, such as cas-
pase-3 and caspase-7, that execute cell death (2).
Mitochondrial-dependent apoptotic process is controlled
by the Bcl-2 family proteins, which comprise both pro-
apoptotic and anti-apoptotic members. The pro-apoptotic
members include those with several BH (Bcl-2 homology)
domains, typically BH1-3 (e.g., Bax and Bak), and those
with only a single BH-3 domain (Bid, Bad, Bik, and
Bim), whereas the anti-apoptotic members (Bcl2 andSubmitted February 21, 2010, and accepted for publication September 13,
2010.
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0006-3495/10/11/3155/9 $2.00Bcl-XL) carry all four BH (BH1–4) domains (3). The pro-
apoptotic Bax and Bak initiate apoptosis by oligomerizing
and forming pores on the OMM (4), which are large enough
to allow Cyt c and other mitochondrial intermembrane space
(IMS) proteins to pass and diffuse into the cytosol. BH-3
only proteins such as Bid function by facilitating the confor-
mational change of Bax and Bak that enables their oligo-
merization (5). The action of Bid can be greatly enhanced
after its truncation into tBid by active caspase-8, for
example after CD95 (Fas) and TNFR1 engagement (6).
The truncated Bid (tBid) specifically targets mitochondria,
mediated by cardiolipin (CL) (7). Cardiolipin is a diphos-
pholipid, and in eukaryotes it is found almost exclusively
in the inner mitochondrial membrane (IMM). Upon translo-
cation to the OMM, tBid-CL interaction led to the oligomer-
ization of Bax/Bak, forming pores that cause membrane
permeabilization (8–10).
In mitochondria, Cyt c exist either in free-form in the IMS
or bound by CL (11). The fraction of IMM-bound Cyt c was
estimated to be roughly 85% of the total (12). Furthermore,
Cyt c bind to the IMM in either a loose or a tight conforma-
tion through electrostatic interaction or hydrophobic inter-
action, respectively (13). Cyt c that are loosely bound, can
be readily mobilized by increasing the ionic concentration
of the incubation buffer, whereas the liberation of those
tightly bound requires the oxidization of the Cyt c–CL bonds
(12). The Cyt c–CL complex has also been shown to exhibit
a peroxidase activity, able to catalyze the oxidation of CL in
the presence of ROS, such as H2O2, and the selective oxida-
tion of CL has been shown to proceed before Cyt c release
from mitochondria during apoptosis (11). Hence, the
complete release of Cyt c during apoptosis has been postu-
lated as a two-step process, requiring the detachment ofdoi: 10.1016/j.bpj.2010.09.041
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FIGURE 1 Three-dimensional model of mitochondria crista. The
lamellar crista is modeled as a thin cylinder, connected to the IMS space
by an oval cylinder crista junction. The dimensions are reported in Table 1.
(Inset) Enlarged view of a normal crista junction (top, size 10 nm) and
a widened junction (bottom, size 70 nm).
3156 Tam et al.bound Cyt c from CL and the permeabilization of OMM to
allow free Cyt c to diffuse into the cytosol (13).
Electron tomography of the IMM revealed an irregular
three-dimensional structure, forming compartments called
cristae, which are connected to the IMS by tubular struc-
tures, referred to as crista junctions (14). Apart from its
role in the OMM permeabilization, tBid has also been found
to cause a remodeling of the IMM independently of Bax and
Bak (15), by way of a CL-dependent mechanism (16,17). In
Cyt c release experiments using isolated mitochondria
induced by tBid, the average diameter of crista junctions
increased from the normal range of 18.6 5 2.5 nm to
56.65 7.7 nm, which was also accompanied by an elonga-
tion of crista junctions to an oval morphology (15,18).
Because most (~80%) of the Cyt c reside in the cristae
(15,18,19), it is postulated that the enlargement of these
junctions constitutes an important step in releasing trapped
Cyt c inside the cristae into the IMS and subsequently
cytosol (20). However, the IMM remodeling was not consis-
tently observed in all mitochondria-induced apoptosis
(21,22). The effective diffusivity of Cyt c in mitochondria
also did not change significantly during tBid-induced
apoptosis (23). Furthermore, Yamaguchi et al. (24) observed
an increase in the availability of Cyt c to the IMS in the pres-
ence of tBid despite the narrowing of crista junctions. These
results thus cast some doubts on the role of IMM remodeling
in the release of Cyt c.
Based on the aforementioned evidence, the release of
Cyt c into the cytosol by tBid may involve an interplay of
four processes (not necessarily in this particular order):
1. Solubilization of CL-bound Cyt c through oxidation by
hydrogen peroxide,
2. Cristae remodeling to free Cyt c that are trapped in the
cristae,
3. Permeabilization of the OMM, and
4. Diffusion of Cyt c from cristae to the IMS and out of the
OMM.
In recent publications, simulations of lumped (non-spatial)
models of Cyt c release suggested that Cyt c diffusivity is
fast and thus not a limiting factor (23,25). However, the rela-
tive importance and rate-limiting step among the four afore-
mentioned processes cannot be studied from the model,
inasmuch as the spatial distribution of Cyt c was not
captured. As mentioned above, the functional role of cristae
remodeling is still uncertain. The aim of this study is to shed
light on these questions using a three-dimensional spatial
modeling of the morphology of mitochondria, including
crista, crista junction, and IMS, and numerical simulations
and sensitivity analysis of the Cyt c release during a tBid-
induced apoptosis. Because cell death by apoptosis is
a key cellular maintenance process, implicated in many
diseases including cancer, the understanding of mitochon-
drial control through Cyt c release is important in drug
discovery and disease treatment.Biophysical Journal 99(10) 3155–3163CYTOCHROME C RELEASE MODEL
COMSOL Multiphysics 3.4 (Comsol, Stockholm, Sweden)
was used to model and simulate an idealized three-dimen-
sional morphology of mitochondria and the dynamics of
Cyt c release. MATLAB (The MathWorks, Natick, MA)
was used in combination with COMSOL in the parameter
estimation and sensitivity analysis.Model morphology and dimension
The three-dimensional mitochondria model replicates
a single idealized crista in a segment of a mitochondrion,
mimicking the IMM morphology seen by electron tomog-
raphy (see Fig. 1 C in (26)). Fig. 1 shows the three-dimen-
sional structure of the model consisting of three principal
components: the IMS, a crista, and a crista junction. The
IMS is sandwiched between the OMM and IMM with
a spacing of ~8 nm (27,28). Mitochondrial cristae have
highly variable and dynamical shapes such as tube, short
flat lamellae, and sphere, due to constant fusion and fission,
but for simplicity, a flat lamellar crista is modeled in a cylin-
drical form and the crista junction in an oval form (21,26).
While crista junctions have a fairly uniform diameter in
the range of 10–30 nm (26,27,29), the length can vary
considerably from 30 to 150 nm (30). In the model simula-
tions below, the IMM morphology is assumed to be static,
i.e., the global topological change induced by t-Bid
(reversed IMM curvature and increased connectivity of the
intracristal space) described in Scorrano et al. (15) is not
incorporated. The references and rationale of the model
parameter values are tabulated in Table 1.
TABLE 1 Summary of parameters in cytochrome c release model
Parameter Value References and comments
Crista diameter 424 nm
Crista width 17 nm Free space distance, excluding membrane (27).
Length of crista junction 30 nm (30)
Length of major and minor axes of crista
junction
10 nm Equal length for both axes under normal condition (i.e., circular shape) (24,26).
IMS height 8 nm Free space distance between OMM and IMM, excluding membrane (27,28).
OMM diameter 500 nm (49)
OMM/IMS/IMM width 60 nm Average distance between cristae (21).
Bound cytochrome c surface concentration 4.01  109 mol m2 (48)
Free cytochrome c (including loosely-bound) 0.29 mol m3 Calculated, based on the ratio of tightly-bound versus free/loosely-bound Cyt c
in crista (~85%) (12,15) on the assumption that the concentration of free/
loosely-bound Cyt c in the intermembrane space is the same as that in the
crista.
k 200 M1 s1 Rate constant of peroxidase reaction at H2O2 concentration of 5–10 mM (11).
Diffusivity of free cytochrome c 106 cm2 s1 At ionic strength of 100–150 mM (31).
kBak 1.33  1010 m s1 Estimated from data (23).
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Mass transfer
The mass transfer process of free Cyt c inside the crista and
IMS is assumed to follow the Fick’s law of diffusion. The
general balance equation for the concentration of Cyt c is
given by
vcf
vt
 V$DVcf  þ V$cf v Rf ¼ 0;
where cf and D are the concentration and diffusivity of free
Cyt c, v is the bulk fluid motion, and Rf is the source/sink
term. Assuming a constant diffusion coefficient, no fluid
motion (v ¼ 0) and no generation or disappearance of Cyt c
within the control volume, the partial differential equation
can be simplified into
vcf
vt
¼ DV2cf :
The diffusivity of Cyt c at a physiological ionic strength
of 100–150 mM was found to be 106 cm2 s1 (31). The
boundary conditions detailed below include two fluxes
related to the solubilization of bound Cyt c from the IMM
and the release of Cyt c from the mitochondria through
the OMM.
Release of tightly-bound cytochrome c from IMM
In this model, loosely-bound Cyt c are assumed to be liber-
ated immediately upon apoptotic stimuli, and thus from this
point onward, free Cyt c refers to both freely-available and
loosely-bound Cyt c. The oxidation of Cyt c–CL bond is
modeled as a second-order reaction with the rate equation in
JIMM ¼ dcb
dt
~n ¼ k½H2O2½cb~n;
where JIMM is the Cyt c flux at the IMM boundary,~n is the
normal vector of the control volume on the crista/cristajunction side (pointing outward from the surface), cb is the
total surface concentration of bound Cyt c, k is the rate of
reaction, and H2O2 concentration is assumed to be constant
throughout the release process. The value k was estimated to
be 200 M1 s1 at [H2O2] between 5 and 10 mM (11). In the
model, the flux of Cyt c from the IMM is assumed uniform,
i.e., there is no spatial dependence of cb, and once the bond
is oxidized, Cyt c are liberated into the crista and IMS.
Although some Cyt c can bind back to the IMM, the simu-
lations and analysis are for mitochondria that have been
induced by tBid and the reverse process is assumed to be
negligible.
Bak activation and release of cytochrome c frommitochondria
Using the Bak activation model proposed by Gillick and
Crompton (23), the OMM permeabilization is modeled as
Bak/
tBidðcÞ
Bak;
Bak þ Bak autocatalysisðf Þ Bak;
½Bak ¼ 1 c þ f
ceðcþ f Þt þ f ;
where c and f are rate constants for the activation and auto-
catalysis of Bak, respectively, t is time, and Bak* is the frac-
tion of activated (pore-forming) Bak. The c and f values
were previously estimated from experimental data as a func-
tion of tBid concentration and saline washing (23).
Because the transport mechanism of Cyt c through Bak
pores is still unclear, the model assumes a single parameter
kbak to account for effective transport resistance across the
OMM and that the Cyt c flux through the OMM, JOMM is
proportional to [Bak*] and the concentration difference, i.e.,
JOMM ¼ kbak½Bak

cf  cc

~n;Biophysical Journal 99(10) 3155–3163
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FIGURE 2 (A) Model simulations and experimental data of Cyt c release
when induced by tBid ¼ 0.5 nM, tBid ¼ 4 nM with and without saline
washing, and tBid ¼ 15 nM. The model parameter kbak was fitted to
tBid ¼ 4 nM data and model predictions were generated for the rest of
the datasets. The saline washing reduced the autocatalytic activity of Bak
activation (i.e., lower f value). Experimental data and values of c and f
for the Bak activation model were taken from Gillick and Crompton (23).
(B) Simulation and data of Cyt c release under tBid ¼ 320 nM (data taken
from Scorrano et al. (15)).
3158 Tam et al.where ~n is the normal vector of the control volume on the
OMM side. In experiments involving isolated mitochondria,
taking the external Cyt c concentration to be much smaller
than cf (i.e., cc z 0), then the flux boundary condition at
the OMM simplifies to
JOMM ¼ kbak½Bak

cf

~n:
RESULTS AND DISCUSSIONS
Model simulations, validation, and analysis
Because the model requires the unknown OMM effective
resistance constant kbak, this parameter was estimated using
a least-square optimization against previously reported data.
In particular, the parameter estimation made use of one data
set at tBid ¼ 4 nM from the work of Gillick and Crompton
using isolated mitochondria (further details of the experi-
ments can be found in the original publication (23)), giving
a kbak value of 1.33  1010 m s1 at [H2O2] of 10 mM.
Fig. 2 A shows that the model was able to describe the exper-
imental release data under different tBid concentrations
with and without saline washing (i.e., at different c and f
values).
An additional Cyt c release experiment using isolated
mitochondria by Scorrano et al. (15) was also simulated
in silico. The experiment used a tBid concentration of
320 pmol/mg protein (320 nM) to induce Cyt c release,
which was much higher than those in the experimental
data mentioned above. At such a high tBid, the outer
membrane was expected to permeabilize almost instanta-
neously. Indeed, as observed from experimental data shown
in Fig. 2 B, the release of Cyt c followed an exponential
profile, in which roughly 20% of the total Cyt c in mitochon-
dria was quickly released. This amount corresponds to the
initial fraction of free Cyt c, while the remaining 80%
were bound to the IMM (15). Using an extrapolated c
parameter value from the calibration curve reported in Gil-
lick and Crompton (23), the model simulation using [H2O2]
of 5 mM shows a good agreement with the measured release
profile. The difference between the [H2O2] used here and
that in the data from Gillick and Crompton (23) above
may arise from the difference in the cell lines from which
mitochondria were isolated and other experimental factors
in the two studies. Nevertheless, the values of [H2O2]
were still within the range of validity of the reported oxida-
tion rate constant k ([H2O2] ~5–10 mM).
To ascertain the relative importance of different
processes, a sensitivity analysis of the Cyt c release profile
was carried out by changing the values of model parameters
using a finite difference method (32). Here, a small pertur-
bation (Dp¼ 10%) was introduced to each model parameter
independently, and the change in the release time profile
(Dy) was recorded for every perturbation. The normalized
sensitivity, computed asBiophysical Journal 99(10) 3155–3163p
2Dp
Z yðp þ DpÞ  yðp DpÞyðpÞ
dt;
reflects the importance of the parameter and consequently
the associated processes. The average values of normalized
sensitivities over time points are ranked in Table 2. The
sensitivities suggest that:
1. Cyt c diffusivity and crista junction diameter are not
limiting,
2. The release involves two processes in which the OMM is
permeabilized and Cyt c are liberated from the CL-bond
to the IMM.
TABLE 2 Parametric sensitivity analysis of cytochrome c release profile
Parameters Description Normalized sensitivity (overall)
k Rate constant of release of the tightly bound cytochrome c. 2.2  102
kbak Mass transfer coefficient of cytochrome c across the outer membrane. 1.3  102
f Autocatalytic rate constant of Bak. 35
c Rate constant of activation of Bak by tBid. 19
Fraction of free cytochrome c — 19
Crista junction diameter — 0.12
D Diffusivity of free cytochrome c. 8.1  103
Elucidating Cytochrome c Release 3159Cytochrome c diffusion and crista junction size
are not limiting
The sensitivity with respect to Cyt c diffusivity was a few
orders-of-magnitude lower than the rest, which clearly indi-
cates the lack of importance of Cyt c diffusion. The same
conclusion was also obtained in a previous modeling study
(23). However, in vivo Cyt c may experience a much lower
effective diffusivity in the aqueous compartment of mito-
chondria due to molecular crowding. Theoretical analysis
has suggested that diffusion of solute may be lowered by
>1000-fold because of crowding effects (33). Although
the compartment in a cellular organelle in reality may not
be as crowded as often depicted (34), a study has found
that the diffusivity of green fluorescence protein (GFP) in
mitochondrial matrix was indeed lowered by approximately
threefold to between 2 and 3  107 cm2 s1 (35). The 10-
fold difference between the diffusivity value of Cyt c
(~12 kDa) and GFP (~30 kDa) raises the possibility that
the value used in this study may not represent the effective
diffusivity of Cyt c in restricted spaces such as the crista and
the crista junction, thus invalidating the model simulations
and analysis. However, as shown in Fig. 3 A, the simulated
Cyt c release with three orders-of-magnitude lower diffu-
sivity at 109 cm2 s1 was practically the same, and only
after 105 fold reduction in diffusivity, well beyond the effect
of molecular crowding predicted by theory, will one see
a significant reduction in the Cyt c transport. Hence, the
previous conclusion that Cyt c diffusion has negligible
effect on their release from mitochondria is reinforced here.
In this work, the spatial modeling of the crista and the
crista junction permits the investigation of the effect of
crista junction widening, which was not possible in the
past modeling study (23). The opening of the crista junction
during tBid-induced apoptosis, from a circular shape to an
oval morphology (21), has previously led to a hypothesis
that IMM remodeling is an integral process in the release
of Cyt c from mitochondria by aiding diffusion out of the
crista (15). However, the widening of the crista junction
led to practically no change in the simulated release profile
for lamellar crista, as shown in Fig. 3 B. Indeed, the sensi-
tivity with respect to crista junction diameter was found to
be the lowest (see Table 2). The effect of crista junction
diameter is still insignificant even when Cyt c diffusivity
was lowered to 109 cm2 s–1 (see Fig. S1 in the SupportingMaterial). In addition, the rate of Cyt c release from lamellar
crista was found to be independent of the multiplicity of
crista junctions (see Fig. 3 C and Fig. S2 and Fig. S3).
Finally, the release profile for spherical crista with different
crista junction lengths was also the same as that for lamellar
crista (see Fig. 3 D and Fig. S4). Taken together, these
results suggest that Cyt c diffusion is fast and not bottle-
necking, and thus the remodeling of IMM morphology,
enlarging the crista junctions, has an insignificant impact
on the transport of Cyt c out of cristae.
Truncated Bid activity has been shown to induce a negative
curvature on the topology of IMM, essentially inverting the
crista inside out (15,17), which has been hypothesized as
a mechanism to reduce diffusional resistance of Cyt c.
Although the model simulations did not capture the transient
change in the shapes of the crista and the crista junction during
Cyt c release, one can extrapolate the conclusion above to
mean that IMM remodeling, in which crista junctions widen,
is not important in the diffusion of free Cyt c out of cristae.
However, there could be another aspect of this complex topo-
logical change, in which the inversion of IMM may serve to
increase the accessibility ofCyt c–CLbond toH2O2.Although
this aspect is outside the scope of this study and not captured
by our model, it deserves further study because sensitivity
analysis in Table 2 suggested that changes in the rate of Cyt c
solubilization will have a major effect on the Cyt c release.
The mathematical equation of Fickian diffusion in this
work is a continuum model, in which the concentration of
Cyt c is assumed to be a spatially continuous property.
Although the continuum assumption may be put into ques-
tion due to the small dimensions of mitochondria in
Fig. 1, the molecular crowding effect is still not expected
to be a significant factor (see Fig. 3 A and Fig. S1), and
therefore the interpretation of model simulations in this
study is still useful and significant. The simulated Cyt c
concentration should be taken as an average value of Cyt
cmolecular count. Nevertheless, if the diameter of the crista
junction is reduced to near or lower than the size of a Cyt c
molecule (~3 nm (36)), the continuum model assumption
will fail. For example, reducing crista junction to 2 and
3 nm did not give much change in the simulated Cyt c
release profile (see Fig. S5), but such a small junction will
physically disallow the diffusion of Cyt c out of the cristae.
Thus, the crista junction size at which Cyt c transportBiophysical Journal 99(10) 3155–3163
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FIGURE 3 Comparison of simulated Cyt c release profiles from mitochondria with lamellar cristae with (A) different diffusivities (D¼ 106, 109, 1010,
and 1011 cm2 s1), (B) different crista junction major axis lengths (10, 20, 40, and 70 nm), and (C) different crista junction multiplicities (1, 2, and 3 crista
junctions). (D) Simulated Cyt c release from mitochondria with spherical cristae with different junction lengths (30, 60, and 150 nm), compared to the
lamellar cristae (junction length: 30 nm). In panels B–D, the release profiles under different scenarios are overlapping.
3160 Tam et al.become limiting due to either physical restriction or molec-
ular crowding, cannot be estimated using a Fickian diffusion
assumption. Such study will require a different modeling
approach that can take into account the single molecular
aspects of Cyt c transport, such as single file diffusion and
other steric effects.Simultaneous OMM permeabilization and Cyt c
solubilization are necessary
The releaseofCyt chasbeenhypothesized tooccur in twosteps:
1. Solubilization of bound Cyt c, and
2. Permeabilization of the OMM.
Disrupting one of the two steps was enough to prevent their
release (12). The sensitivity analysis results have suggested
both the OMM permeabilization and the liberation of bound
Cyt c as the two most im-portant processes. Nevertheless, it
is not known whether both of the events occurred at the
same time or in sequential steps. If both processes occurred
simultaneously, how does the interplay of the two processes
affect the release profile of Cyt c? If the latter applies, which
event happens first?Biophysical Journal 99(10) 3155–3163To answer these questions, model simulations were done
with two alternative scenarios in which either OMM perme-
abilization or Cyt c solubilization was to occur before the
other (see Fig. 4 A). If OMM permeabilization was to
precede Cyt c solubilization, the model simulation showed
a fast release of initial free Cyt c (within 200 s), which is
then followed by the solubilization and release of CL-bound
Cyt c. On the other hand, if bound Cyt c were liberated first,
the rate of release of Cyt c would be much faster than those
seen in experiments. Because neither scenario can explain
the release data, thus the OMM permeabilization and Cyt c
solubilization occur simultaneously during tBid induction.
Again, Cyt c diffusion was never a bottleneck in both
scenarios.
Although the two processes above have to occur simulta-
neously, the dynamical explanation of the release is still
lacking and cannot be inferred from parametric sensitivities.
Fig. 4 B shows the total concentration of free Cyt c in the
crista and IMS over time, from which one can infer the inter-
play between the OMM permeabilization and Cyt c solubi-
lization. Under normal condition (10% initial free Cyt c),
the initial increase of soluble Cyt c (time < 400 s) was
a result of a faster Cyt c solubilization than their transport
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of free Cyt c for mitochondria with lamellar crista.
Elucidating Cytochrome c Release 3161through the relatively impermeable OMM, suggesting that
the OMM permeabilization is the bottlenecking process in
the beginning. At the turning point (maximum Cyt c concen-
tration), the rate of solubilization of Cyt c matched the flux
through the OMM, and afterwards the bottleneck switches
between the two processes.
In vivo Cyt c release has also been measured using fluores-
cent tagging, GFP and 4CYS (37,38). In these experiments,
the fluorescence of individual cells was initially localized
in mitochondria, as indicated by high punctate/diffuse index
(i.e., high variability of fluorescence pixels in a cell), and
dropped to a minimum within 10 min after apoptotic induc-
tion by tumor necrosis factor/cyclohexamide (TNF/CHX)
treatment. The low punctate/diffuse index reflects an equilib-
rization of cytosolic and mitochondrial Cyt c concentration.
While the duration to release 99% Cyt c from isolated mito-chondria was predicted to be ~40 min (see Fig. 5, 15% initial
freeCyt c), the time for cytosolic Cyt c to reach equal concen-
tration as that in the IMS can be much shorter in vivo. Inter-
estingly, Fig. 4 B shows that Cyt c flux through OMM is no
longer limiting at ~380 s, thereby allowing faster equilibriza-
tion between cytosolic and IMS Cyt c. Alternatively, the
punctate/diffuse index may be sensitive only to the steepest
part of the release profiles, for which model simulations indi-
cated a range between 300 and 600 s (see Fig. 2A; unwashed).
However, as the model simulations here were performed for
isolated mitochondria, a further study is needed to explain
in vivo release data by accounting for the mass balance of
Cyt c in a whole cell.Threshold mechanism in the release
of cytochrome c
One of the high sensitivity parameters is the balance
between two forms of Cyt c in mitochondria: free (including
loosely-bound) and CL-bound. Such result is perhaps not
surprising knowing the importance of Cyt c solubilization
as mentioned above. In experiments, the level of initial
free Cyt c can be increased by knocking down CL synthase,
an enzyme that converts phosphatidyl-glycerol into CL,
which had been done previously on two cell lines that stably
expressed human cardiolipin synthase (hCLS) RNAi (39).
The cardiolipin levels in these cell lines were reduced by
46% (hCLS-RNAi #1) and 75% (hCLS-RNAi #2), corre-
sponding to a fourfold and 10-fold increase in the initial
free Cyt c concentration, respectively. Interestingly,
although both cell lines showed an enhanced release of
Cyt c upon cell death induction by TNF-a þ CHX (cyclo-
hexamide), the increase was only marginal in hCLS-RNAi
#1 (hCLS-RNAi #2 showed a significant increase) (39).
The exaggeration of Cyt c release, especially in hCLS-RNAi
#2, consequently led to an increase in sensitivity to and
a lower cell survival rate upon apoptotic stimuli.
Model simulations show that the relationship between the
initial fraction of free Cyt c and the time to release 99% ofBiophysical Journal 99(10) 3155–3163
3162 Tam et al.total Cyt c in crista is superlinear, where the release of Cyt c
occurs at an increasingly faster rate with higher fraction of
initial free Cyt c, as shown in Fig. 5. According to the simu-
lations, a fourfold increase from 10% to 40% initial free
Cyt c, mimicking hCLS-RNAi #1, will give an 8% enhance-
ment release of Cyt c, while a 10-fold increase of initial free
Cyt c emulating hCLS-RNAi #2 will induce a 35% jump.
Such dependence can be explained by comparing the total
Cyt c concentrations in the IMS for 10%, 40%, and 100%
initial free Cyt c in Fig. 4 B. At the start, when OMM perme-
ability is limiting, free Cyt c concentration in normal cells
quickly went up threefold until the OMM was ~90% perme-
able. A fourfold higher initial free Cyt c did not translate to
a proportional increase in the Cyt c release rate, because by
the time the OMM was permeabilized, the difference in the
maximum free Cyt c concentration, which is the driving
force for transport across the OMM, became much less
significant (~25% higher than original). In addition, the
lower concentration of bound Cyt c with higher initial free
Cyt c also resulted in a slower solubilization process.
However, with a 10-fold increase, the initial free Cyt c
concentration was already much higher than the peak
concentration in normal mitochondria, and Cyt c concentra-
tion gradient across the OMM was large enough to shift the
bottleneck transition much earlier. These synergistic effects
gave the superlinear increase of release rate as a function of
initial free Cyt c, which was the reason why only a marginal
increase of Cyt c release and sensitivity to apoptotic signal
was observed for hCLS-RNA #1 cells.
Such dependence of Cyt c release on fraction of free Cyt c
could serve to confer robustness (low sensitivity) of cell death
response when mitochondria are subjected to small varia-
tions in the fractions of free Cyt c and cardiolipin levels. At
the same time, a considerable drift in the balance between
free and bound Cyt c beyond normal intra- and intercellular
variability will significantly enhance the sensitivity to death
stimuli, conferring a surveillance mechanism to eliminate
abnormal cells. For example, aged rat heart cells have shown
a decrease in the level of CL (29.6%) and a rise in mitochon-
drial production of [H2O2] (24.5%) (40), which by the find-
ings above will sensitize these cells to cell death stimuli.
Indeed, different cell types have been observed to be more
susceptible to apoptotic cell death with aging, which include
lymphocytes (41), cells in the inner ear (42,43), skeletal
muscle cells (44), neurons and cardiac muscle (45), b-cell
(46), and human umbilical vein endothelial cells (47). In
mitochondrial paradigm of aging, loss of enough cells
through mitochondrial-regulated cell death in aged organs
can breach a minimum threshold number to maintain normal
functionality, leading to aging symptoms.CONCLUSIONS
The three-dimensional spatial modeling of a simple mito-
chondrial crista in this work:Biophysical Journal 99(10) 3155–31631. Confirmed previous experimental and in silico studies
about the role of OMM permeabilization, Cyt c solubili-
zation, and its diffusivity during apoptosis,
2. Suggested the lack of importance of mitochondria IMM
remodeling, particularly crista junctions widening, in
enhancing the diffusion of Cyt c, and
3. Illustrated the dynamical bottlenecking processes during
Cyt c release.
In particular, model simulations and parametric sensitivity
analysis suggested that mitochondrial-regulated cell death
strongly depends on the balance between the two forms of
Cyt c: free (including loosely-bound) and IMM CL-bound.
Furthermore, the interplay between OMM permeabilization
and Cyt c solubilization gave rise to a threshold mechanism
by which the cellular response to cell death stimuli is robust
within tolerable variations in the balance of free and bound
Cyt c, and highly sensitive (fragile) to larger deviations
from normality. Such response serves as a surveillancemech-
anism to safely dispose of aberrant cells by way of pro-
grammed cell death. Because the differential equation
model assumes continuity of solute Cyt c concentration,
model simulations and analysis should not be extended to
a system with dimensions at which continuum assumption
becomes invalid, near the size of the solute.SUPPORTING MATERIAL
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